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is in the proximal pituitary gland
region, at the point where it joins
the hypothalamus, the pars
tuberalis [4] (Figure 1). An elegant
surgical approach pioneered by
Lincoln and Clarke [5] showed that
in ‘hypothalamo-disconnected’
animals, in which the
hypothalamus was surgically
disconnected from the pituitary
with the part tuberalis attached,
the photoperiod-controlled
melatonin signal could still
regulate seasonal rhythms of the
hormone prolactin. This
demonstrated that blood borne
melatonin signals must directly
regulate this axis.
In the new study [3], the
same group has now extended
these earlier observations
by studying a cohort of
hypothalamo-disconnected sheep
kept on constant long
photoperiods for just under three
years. Despite an invariant
long-day melatonin signal, most
of the animals underwent robust
circannual rhythms of prolactin
secretion with an average period
for each cycle of 9 to 10 months.
When exposed to short
photoperiods, prolactin levels fell
and the cycle was re-set.
Together, these studies suggest
that the circannual machinery
driving prolactin rhythms can
operate in the absence of direct
neural links from the
hypothalamus, that it is likely to be
pituitary specific, and that it
remains sensitive to changes in the
melatonin signal.
In a further group of
hypothalamo-disconnected
animals, rhythmic production of
the melatonin signal was blocked
by removal of the superior
cervical ganglia, thus inhibiting
sympathetic drive to the pineal
gland (blue arrow in Figure 1).
Deprived of the melatonin signal,
levels of prolactin fell and
remained basal for just under
three years, and were no longer
sensitive to photoperiod change
[3]. This suggests that, although
the daily melatonin signal does
not need to change in duration to
drive the circannual oscillator, it
nonetheless serves an
important permissive function
within the pituitary gland
maintaining the circannual
oscillation.
Other studies have investigated
whether the local melatonin-
regulated clock gene rhythm
within the pituitary exhibits
changes in phasing over the
circannual cycle [6,7]. It appears
that in both rodents and sheep, the
clock gene rhythm faithfully
reflects the ambient melatonin
signal, and thus the circannual
component probably lies
downstream. The search is now
on for molecular pathways
involved in such seasonal timing
and for this, the pars tuberalis is the
ideal starting point.
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Endocytosis occurs in plants, but the involvement of clathrin-coated
vesicles has been unclear; a new study provides strong evidence that, as
in animal cells, clathrin-coated vesicles are a major means of
internalisation by plant cells.
Jose´ Pe´rez-Go´mez
and Ian Moore
In eukaryotic cells, endocytosis is
essential for regulation of the
protein and lipid compositions of
the plasma membrane and for
acquisition or removal of material
from the extracellular medium
[1,2]. In animal cells, plasma
membrane proteins are
continuously internalised by
a variety of mechanisms, some of
which involve clathrin-coatedvesicles. After internalisation, the
resulting vesicles are transported
to endosomes where proteins are
sorted for traffic back to the
plasma membrane or kept in the
endocytic pathway to later
endosomes and lysosomes.
Similar sorting mechanisms
exist in plant cells [2], but the
mechanisms involved in
internalisation have been unclear.
New data, reported by Dhonukshe
et al. [3] in this issue of Current
Biology, show that clathrin is
required for internalisation
of a wide variety of plasma
membrane markers, implicating
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Figure 1. Inhibition of clathrin-mediated protein internalization.
(A) In control cells, both plasma membrane cargo proteins and FM4-64 dye are in-
ternalized via functional clathrin-coated vesicles. (B) Overexpression of the carboxy-
terminal part of clathrin heavy chain titrates away clathrin light chains, inhibiting the
correct assembly of clathrin triskelions and, therefore, clathrin coats. Under this con-
dition, neither plasma membrane cargo proteins nor FM4-64 dye become internalised.
(C) The drug tyrphostin A23 inhibits the interaction between the adaptor complex and
cargo proteins, but does not interfere with clathrin-coat assembly. Under this condi-
tion, FM4-64 dye is internalised, but plasma membrane cargo proteins are not.clathrin-coated vesicles as a major
internalisation mechanism in
plants.
Despite early concerns about the
energetic feasibility of endocytosis
against the relatively high turgor
pressure (1–4.5 Mpa) of plant cell
cytoplasm, [2,4,5] in recent years it
has been demonstrated that
several plant cell proteins can
indeed become internalised from
the plasma membrane in turgid
cells [2,4–9]. Pharmacological and
genetic data indicate that
endocytic recycling is important for
maintenance and dynamic
modulation of cell polarity with
respect to auxin transporters at
the plasma membrane [6,10,11],
and may also play a role in
signalling or modulation of
cellular sensitivity, as in animal
cells [1,7,10].
Despite the evidence of
endocytosis in plant cells, the
principal mechanism or
mechanisms of internalisation have
not been established
experimentally. In most animal
cells, internalisation occurs
principally via clathrin-coated
vesicles [1,12]. Clathrin
comprises three heavy and three
light chains that assemble intotriskeleon units that interact with
each other and with adaptins to
form a coat around internalising
vesicles (Figure 1A). The
adaptins, together with an array of
accessory proteins, recruit
membrane proteins into the
forming clathrin coated vesicles. In
Arabidopsis, the basic
components of clathrin-mediated
endocytosis are present,
including clathrin light and heavy
chains, multimeric adaptor
complexes and some monomeric
adaptors [2].
Indeed, clathrin heavy chains
were identified in plants over
10 years ago and clathrin-coated
vesicles have long been associated
with rapidly growing areas of
membrane, such as cell plates and
the tips of root hairs or pollen tubes
[5]. Furthermore, electron dense
solutes have been observed in
coated vesicles early in their
uptake into protoplasts [2,5,13].
Dhonukshe et al. [3] report
immunolabeling of coated vesicle
and coated pit structures at the
plasma membrane using an
antibody against the plant clathrin
heavy chain. At 50 nm in diameter,
the vesicles are smaller than the
120 nm clathrin-coated vesiclestypical of animal cells, perhaps
because of the turgor constraints in
plant cells [2,5].
Animal cells also have several
clathrin-independent mechanisms
of internalisation, including
phagocytosis and mechanisms
that are either dependent or
independent on caveolin [1,12]. In
yeast, too, mutants that lack
clathrin sustain endocytosis at
30–50% of wild-type rates [14],
but in plants, the importance of
clathrin to endocytosis has been
unclear. Dhonukshe et al. [3]
present evidence that
clathrin-coated vesicles can be
a major internalisation route in
plant cells.
Working with plant protoplasts,
Dhonukshe et al. [3] overexpressed
the hub domain of clathrin heavy
chain to impede clathrin coat
formation (Figure 1B). They found
that this inhibited endocytosis of
the dye FM4-64, a marker of the
lipid phase, and also of a variety
of coexpressed plasma
membrane proteins, such as
PIN1, PIN2 and the aquaporin
PIP2, which each exhibit distinct
polar or apolar distributions in
intact cells. The range of markers
affected suggests that
clathrin-mediated endocytosis is
the major mechanism for
endocytosis in Arabidopsis
protoplasts.
A second line of evidence came
from the use of tyrphostin A23 [3].
Tyrphostins are tyrosine
analogues developed as
inhibitors of tyrosine kinases. In
animal cells, endocytosed
proteins such as human
transferrin receptor have
tyrosine-containing YXXf motifs
which mediate recruitment into
clathrin-coated vesicles by binding
to the m-subunit of the adaptin
complex. This interaction is
inhibited by tyrphostin A23, but
not by other tyrphostins such as
A51 [15]. A23 was shown recently
to inhibit the interaction between
the Arabidopsis m-adaptin and
the human transferrin receptor,
and to stop internalization of
transferrin receptor expressed in
Arabidopsis protoplasts [15].
Dhonukshe et al. [3] showed that
tyrphostin A23, but not A51, also
inhibits endocytosis into intact
Arabidopsis root tip cells of several
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polar and apolar distributions.
Importantly, in both studies,
tyrphostin A23 did not inhibit
uptake of FM4-64 [3,15]. This
shows that endocytic traffic can
continue in the presence of this
inhibitor, but plasma membrane
proteins are excluded, consistent
with inhibition of binding to
m-adaptin (Figure 1C). The
inactivity of tyrphostin A51 argues
against a mechanism involving
tyrosine kinase activity (see [15]
for discussion).
It is also worth noting that the
inhibition of FM4-64 internalisation
by the clathrin heavy chain
hub-domain [3] provides
significant support for the use of
FM4-64 as a reporter of
endocytosis in plants. This dye
sequentially labels endosomal
and prevacuolar compartments
before eventually labelling the
tonoplast [16]. In several studies, it
has been additionally postulated
that uptake and transport of
FM4-64 are dependent on
endocytic trafficking and
consequently that the dye can act
as a tracer of the pathway [2,10,16].
But the jury has been out on this
question, as other candidate
low-molecular-weight markers of
endocytosis have in the past
been shown to enter cells
independently of endocytosis
[4,17]. The demonstration that
FM4-64 uptake is
clathrin-dependent substantiates
the use of this dye in short
term treatments for the
internalisation step of endocytic
trafficking.
Although the new data of
Dhonukshe et al. [3] show that
endocytosis in protoplasts is
largely clathrin dependent, the
existence of other endocytotic
mechanisms in plant cells cannot
be excluded; they may be
important in particular cells or for
particular cargoes at endogenous
concentrations. Furthermore,
clathrin is required for sorting of
vacuolar cargo at the trans-Golgi
and perhaps for other trafficking
processes too, so the hub
domain is likely to inhibit
several aspects of membrane
trafficking. Although Dhonukshe
et al. [3] provide evidence that
biosynthetic traffic can continue inthe presence of the hub domain
(or tyrphostin A23), it will be
important to substantiate these
observations with other
components of the endocytic
clathrin-coated vesicles and
with loss-of-function
approaches.
If we consider, however, that
most internalisation occurs via the
clathrin-coated vesicles pathway
in plants, does this exclude the
possibility of selective
internalisation? In animal cells,
some specificity in clathrin-
mediated endocytosis is
achieved thanks to cargo-specific
adaptor proteins, such as
beta-arrestins [12]. Arabidopsis,
however appears to lack clear
homologues of such specific
adaptors. Nevertheless, it is
possible that plants cells have
cargo-specific adaptor proteins
unrelated to those of animals,
reflecting the independent
evolution of specific membrane
trafficking events in the two
kingdoms. Indeed, the ligand-
induced internalisation of the
FLS2 receptor suggests that
entry into the plant endocytic
pathway may be regulated [7]. An
alternative possibility is that, in
plant cells, plasma membrane
protein internalization is more
constitutive, while sorting of
internalised proteins in early/
recycling endosomes is what
controls the composition and
distribution of proteins at the
plasma membrane. It has been
shown that transport to the
plasma membrane of the auxin
transport proteins AUX1, PIN2,
and PIN1 can follow different
trafficking routes in root
epidermal or protophloem cells
[6,8,9]. Elucidating the
mechanisms that regulate
endocytosis and sorting
downsteam into recycling or
lysosomal pathways is the
challenge for the future.
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